An improved characterisation of the hydrodynamic blade loads due to onset turbulence is essential in order to mitigate premature failures, reduce excessive levels of conservativeness and ultimately ensure the commercial viability of tidal turbines. The literature focussing on the turbulence in fast flowing tidal streams and of the unsteady loads that are subsequently imparted to rotors has previously been very limited. However, increased activity in the tidal energy community has led to new investigations and insights which are reported in this paper.
Introduction
If tidal stream energy is to be competitive with other forms of energy generation, tidal turbines must be economical to manufacture and operate reliably over their design life of at least 20 years [1, 2] . Reliability is particularly critical for turbines which are deployed in more remote communities. In these locations, replacement components and expertise are not likely to be readily available and electricity supply would be jeopardized by failure [3] . This is however complicated by the harsh and unforgiving environment in which tidal turbines must operate.
There are now several examples of early-generation turbines that have experienced catastrophic failures. This has been attributed to underestimating the magnitudes and the spectral characteristics of the hydrodynamic loads [4] . Furthermore, only draft industrial guidelines exist for accounting for both the turbulence and unsteady loads on tidal turbines [1] . These guidelines incorporate empirical models and theories that were devised primarily for wind turbines and which have not been extensively validated for tidal turbines. In an attempt to mitigate potential failure, designers of tidal turbines have resorted to incorporating excessive safety factors in fatigue load predictions which has subsequently increased the cost of the turbines [5, 6] .
In order to gain confidence in the predictions of the hydrodynamic loading, prevent unexpected failures and ultimately improve the economics of tidal turbines, the industry faces a number of significant issues and challenges. Firstly, compared to the mean flow, there is paucity of data available on the turbulence characteristics in strong tidal flows. This is indicative of the inherent technical difficulties in acquiring measurements of turbulence in fast flowing currents and the relative infancy of the tidal stream turbine industry [7] . Appropriate strategies to obtain measurements of the turbulent flow at tidal energy sites must therefore be devised. These should allow for not only the magnitudes of the turbulence to be observed, but also the structure and dominant scales which are crucial for informing the rotor loading [8] .
It is also important to consider that the turbulence that is onset to a turbine and which induces the unsteady loading may differ to that which is observed in an undisturbed flow. In particular, the strain imparted on the flow field due to the extraction of momentum may distort the turbulence. Furthermore, a turbine blade rotates through a non-coherent turbulent field and may encounter an eddy multiple times. This can effectively give rise to a forcing spectrum dissimilar to that which would be measured at a fixed point. Therefore, appropriate techniques must be developed to quantify these effects in order to define the unsteady velocity that is incident on a rotor blade.
The unsteady loads which are subsequently induced from this turbulent flow comprise a complex interaction of both unsteady non-circulatory and circulatory effects, the latter commonly associated with dynamic inflow. For turbines operating near peak power, additional circulatory contributions from delayed separation and dynamic stall of the blades can also be present. Comprehensive discussions on these effects in the context of helicopter rotors and wind turbines are provided by Peters et al. [9] and Leishman [10] , for instance. Together, these frequency dependent effects can give rise to overshoots in the load magnitudes over the equivalent value that would be measured in steady flow, as well as hysteresis in the response. Their significance may also be comparably greater for tidal turbines compared to wind turbines, due to the higher fluid-to-structural density ratio [11] , reinforcing the need for their quantification.
While numerous studies have characterised the hydrodynamic loads on tidal turbines for steady flow (see, for instance, [12, 13] ), studies for unsteady flow conditions have been limited. Such test data are necessary to quantify the significance of the unsteady hydrodynamic loading contributions, verify numerical models and ultimately develop design guidelines to account for unsteadiness. The lack of test data on unsteady loading is arguably attributed to the substantial cost of using large, high quality facilities which are required to account for the effects of scaling and to reduce the effects of blockage. This calls for appropriate methodologies to be developed to enable the underlying hydrodynamic phenomena and their complex interactions to be quantified. Obtaining measurements of the out-of-plane (thrust-wise) hydrodynamic loading is of utmost importance as it is this component which typically governs the total structural loading on a horizontal-axis tidal turbine [14, 15] .
Objectives
Drawing on these challenges, the primary aim of this paper is to present and discuss recent advances that have been made on the characterisation of turbulence at tidal energy sites and the hydrodynamic loading on tidal turbines. The issues addressed in this review have drawn significant interest recently, spanning across both academia and industry and in many instances involving joint industry partnerships. Specifically, the experimental techniques which have been adopted by researchers to measure turbulence are discussed and observations of turbulence in fast flowing tidal streams are collated. This is followed by a description of the application of theoretical models to account for the amplification and rotational sampling of the turbulent eddies necessary to obtain the forcing imposed on a turbine. Methodologies for experimentally testing tidal turbines in unsteady conditions at model-scale are then critically reviewed. Finally, the underlying unsteady hydrodynamic phenomena acting on a rotor are discussed in view of the recent experimental measurements that have become available.
Observations of turbulence at tidal energy sites

Measurement strategies
Experimental studies from circa 1960s provided initial insights into the characteristics of the turbulence in the seabed boundary layer of tidal flows. Grant et al. [7] utilised hot film and electrocurrent techniques to observe the turbulence spectra at high wavenumbers (k x ¼ πf =U 4 1, where f is the temporal frequency and U is the streamwise mean velocity) at the Discovery Passage in Canada. The study found strong evidence for an inertial subrange, as described by the Kolmogorov model [16] , where the turbulence structure is expected to tend towards isotropic at higher frequencies. Subsequent measurements of turbulence reported by Heathershaw [17] , Soulsby [18] and Gross and Nowell [19] also demonstrated that when the near-bed velocity wavenumber spectra were scaled using the distance from the bed z, the spectra collapsed to theoretical forms expected for boundary layer turbulence (as described by Townsend [20] ).
Advances in instrumentation such as sensors which are based on acoustic Doppler techniques have facilitated a greater understanding of the structure of turbulence in tidal channels. Acoustic Doppler Current Profilers (ADCPs) and Acoustic Wave and Current (AWAC) profilers which acquire flow data along inclined acoustic beams are now widely utilised in the field. ADCPs were introduced in the 1980s and a brief historical account of their development is presented by Simpson et al. [21] .
Due to the use of divergent beams and the nonhomogeneity of the turbulence across the beam spread, the instantaneous threedimensional velocity cannot be reliably resolved using an ADCP or AWAC. However, as was originally shown by Lohrmann et al. [22] in the case of an ADCP with four opposing transducer beams, by assuming that the second-order statistical moments of velocity are homogeneous over the beam spread, and provided that the sensor tilt is small, first order estimates of the along-channel and acrosschannel Reynolds shear stresses ( À σ uw and À σ vw ) can be obtained by subtracting the variances of opposing beam velocities. The Cartesian variances (σ u 2 etc.) can also be obtained through the summation of opposing beam variances, though this necessitates an independent measure of the turbulence anisotropy. These variance-based techniques have proved popular (see for instance Stacey et al. [23] , Osalusi et al. [24] , Milne [25] and Bouferrouk et al. [26] ) and have enabled new observations of these key turbulence parameters through the water column at tidal energy sites. However, the uncertainty analysis presented by Lu and Lueck [27] reinforced the importance of acquiring measurements from a rigidly mounted ADCP for the application of the variance technique in strong flows. This is because second-order terms which involve the sensor tilt must be neglected in an estimate of the stresses.
Acoustic Doppler Velocimeters (ADVs) were introduced in the 1990s (see Lohrmann et al. [28] ). The three-dimensional point measurements of velocity that they can provide are arguably more suitable for analysing the turbulence properties of interest for tidal turbines than ADCPs. The sampling rates are also typically higher and the sampling volume is of the order of only 1 cubic centimetre. Therefore, this generally enables the turbulence spectrum to be resolved at the eddy producing scales and up to those which correspond to the low-wavenumber end of the inertial sub-range. However, the maximum wavenumber can be limited by the Doppler noise, which is more pronounced for the horizontal components relative to the vertical velocity component or the Reynolds stresses [29] .
There are several studies which have utilised ADVs to acquire measurements of velocity variances, Reynolds shear stresses and turbulence spectra in natural tidal flows with mean velocities over a tidal cycle of less than 1 ms À 1 ; see, e.g. Kim et al. [30] , Sherwood et al. [31] , Trevethan [32] and Walter et al. [33] . ADVs have also recently begun to be applied to energetic tidal energy sites where the mean velocity is of the order of 2 ms À 1 , typically necessary for commercial scale energy generation (see, for instance, [34, 35, 8] ). However, for fast tidal flows, the technical difficulty in rigidly supporting the sensor generally limits their use to the acquisition of measurements relatively close to the seabed.
Drawing on the respective advantages of ADVs and ADCPs (or AWACs), it is desirable to quantify the turbulence at proposed tidal energy sites by acquiring data from both types of sensors located together at the seabed. This methodology was adapted in the study reported by Thomson et al. [34] at Puget Sound in Washington, where the ADV was positioned at an elevation of 4.5 m in a h ¼ 20 m water depth and colocated with an ADCP and AWAC. Milne et al. [35, 25] also analysed data acquired from a similar setup at the Sound of Islay in the Inner Hebrides of Scotland. This is a relatively narrow channel that is approximately 5 km long, 800 m wide and 50 m deep at the location of the instrumentation. The water level variation between flood and ebb at spring tide is also relatively small at approximately 1 m. The ADV was positioned at an elevation of 4.5 m, which was within an approximately logarithmic mean velocity profile region.
A key advantage of using an ADV together with an ADCP is that it can provide an independent estimate of the Reynolds stresses and turbulence intensities for verification purposes. This has been demonstrated recently by Milne [25] where good agreement was found between the two measurements at the Sound of Islay, with differences of 5% or less. A direct measure of the anisotropy also reduces the uncertainty in the application of the variance method to an ADCP with four transducers when estimating the turbulence intensities, where this parameter is otherwise unknown.
Magnitudes and structure of turbulence
The streamwise turbulence intensity (I u ¼ σ u =U) is generally regarded as the turbulence parameter most relevant to the unsteady loading on tidal turbines [1, 36, 37] . It provides a quantification of the turbulent kinetic energy present in the flow, in a direction in which the angle of attack of the turbine blade is generally most sensitive. It follows that quantifying this parameter has been the focus of the majority of recent measurement campaigns at proposed tidal energy sites. These studies have provided valuable new observations of the turbulence intensity at various elevations from the seabed in relatively fast flows for a variety of channel configurations.
Observations of the streamwise turbulence intensity at an elevation of z=h ¼ 0:2 from the seabed from ADV data at Puget Sound were reported by Thomson et al. [34] and McCaffrey et al. [8] . At peak flows of approximately U¼1.5 ms À 1 the intensities varied between I u ¼ 0:07 and 0.10 and had a median value of I u ¼ 0:084. Measurements of the intensity in the flow at the operating SeaGen tidal energy site at Strangford Loch were presented by MacEnri et al. [38] . These were acquired at an elevation corresponding to the hub height of the rotor using an electromagnetic current meter (given that the streamwise intensity only was of primary interest in their study). The intensities tended to values of between I u ¼ 0.05 and 0.06 at peak flows of around 3.5 ms À 1 . A recent ADV-based campaign reported by Gunawan et al. [39] provided observations at approximately the centre of the water column in the East River in New York. They found higher intensity values of I u ¼0.13 in a peak flood flow of 2.4 ms À 1 and I u ¼ 0.18 in a peak ebb flow of 1.6 ms À 1 . Time-histories of the intensities relatively close to the seabed at an elevation of z=h ¼ 0:1 at the Sound of Islay over two complete spring tidal cycles were presented by Milne et al. [35] . These are in Fig. 1 which shows that the intensity tended to median values of I u ¼ 0:11 and 0.13 at peak flood and ebb flow respectively. However, these time histories also importantly serve to elucidate the characteristics of the largest values of the intensities. Intensities of up to I u ¼ 0:16 were experienced over relatively short periods which were also associated with corresponding peaks in Reynolds stresses (a proxy relevant for quantifying the coherent energy). Given this, these instances of high intensities could be expected to have a significant affect on the unsteady loading on a tidal turbine. This reinforces the fact that it is desirable for tidal turbine designers to obtain continuous samples of the turbulence to enable such events to be captured.
The median intensities at these aforementioned tidal energy sites are summarised in Table 1 . However, to aid in the comparisons of the intensities between sites which were obtained at different elevations, Milne [25] also provided profiles of the 20-min average intensities throughout the water-column at the Sound of Islay. These were estimated from ADCP records and incorporated the anisotropic ratio estimated by the ADV. At the elevations of z=h ¼ 0:2 and z=h ¼ 0:5, corresponding to the observations by Thomson et al. [34] and MacEnri et al. [38] , the intensities were approximately 0.08 and 0.07, respectively, which is in good agreement with their findings. In lieu of mean velocity profiles or frictional velocities being reported by Gunawan et al. [39] ,i ti s difficult to ascertain the underlying causes for the relatively high values observed at the East River compared to Puget Sound, Strangford Loch or the Sound of Islay. Is is perhaps possible that the channel geometry and the bedform may have given rise to significantly different flow conditions compared to these other sites. In view of studies such as by Blumberg and Pritchard [40] , flow stratification in the East River may have also affected the flow. Nevertheless, these East River data serve to highlight the usefulness of acquiring physical measurements as they can reveal crucial site-specific characteristics.
Notwithstanding the importance of the streamwise intensity, additional second-order statistics are also of interest for inferring the turbulence structure of the onset flow and coherent eddies, as well as for developing simple turbulence models [8] . The Reynolds stress (referred in terms of the co-variance À σ uw ), for instance, provides a measure of the energy contained by the eddies involved with the turbulent mixing in the vertical direction. These stresses have been associated with coherent loading on rotors (see Sutherland [41] ) and also peaks in the turbulence intensity as mentioned previously. Observations of the profiles of these stresses by Stacey et al. [23] , Osalusi [42] and Milne [25] in tidal streams have shown that the variations in these stresses do often conform to an inverse proportion relationship with elevation from the bed predicted for open channel flows (see, for instance, Townsend [20] ). However, the profiles reported by Osalusi [42] exhibited an unusually strong stress above the bed which was possibly related to the upstream topography. Furthermore, recent observations from a site in the Bristol Channel where the tidal energy was relatively low and there was significant wave action reported by Bouferrouk et al. [26] also indicated that there were significant stresses in the upper water column. The authors suggest that these findings may be due to the action of waves breaking. Together these observations, in particular, serve as a poignant reminder that site-specific data are critical for assessing turbine loading. F r o mt h eA D Vd a t as e ta tt h eS o u n do fI s l a y ,M i l n e [25] also presented ratios of the standard deviations of the lateral and vertical velocity fluctuations to that of the streamwise velocity fluctuations, as well as the ratio of the Reynolds stress ( À σ uw )t ot w i c et h et o t a l turbulent kinetic energy (k ¼ σ
The observations by Milne [25] are also presented in Fig. 1 . The values of the ratios are shown to have remained relatively consistent during non-slack periods in the tidal cycle. Time histories of variances of the velocity fluctuations at the Puget Sound were also recently presented by McCaffrey et al. [8] . From these observations it can be deduced that the anisotropy also remained relatively constant with values of the ratios σ v =σ u and σ w =σ u within around 10% of those which were o b s e r v e da tt h eS o u n do fI s l a y .T h e s er a t i o sh a v es e l d o mp r e v i o u s l y been provided for rapid tidal flows and the studies provided valuable new insights into the degree of the turbulence anisotropy that may be expected at a tidal energy site.
However, it is interesting to compare the observations at the Sound of Islay with reports for slower tidal channels and idealised flows which are summarised in Table 1 . Interestingly, the ratios of σ w =σ u and À σ uw =2k compare relatively well (within 15%) with the ratios observed at the Menai Strait [17] , which is a relatively narrow tidal channel with a flow speed of around 1 ms À 1 . The ratios σ v =σ u , σ w =σ u and À σ uw =2k are also in excellent agreement (within 5%) with values for two-dimensional (i.e. width/depth 4 5) open channel flows in the laboratory. This suggests that the relatively simple correlations for idealised open channel flows may be applicable to such tidal energy sites similar in topography to the Sound of Islay or Puget Sound, and that the anisotropy may be relatively independent of the Reynolds number. Furthermore, these findings also suggest that the anisotropic ratios of σ v =σ u ¼ 0:67 and σ w =σ u ¼ 0:45 corresponding to the atmospheric boundary layer reported by Lumley and Panofsky [43] (and also listed in Table 1 ) are likely to be less applicable to tidal channels. The lower ratios observed in the atmosphere are consistent with the notion that energy in a tidal channel is restricted by the presence of a free surface, particularly in the vertical direction. Therefore, the use of atmospheric-based correlations in tidal turbine studies may lead to poorer estimates of the unsteady loading. Finally, it is also useful to consider the use of other statistics which can provide meaningful insights into the turbulence structure and assist in developing models. For instance, in the analysis of the turbulence at Puget Sound, McCaffrey et al. [8] reported on the eigenvalues of the anisotropy tensor and the anisotropy magnitude, the latter which incorporates both coherent turbulent events and anisotropy. Using these metrics in their analysis, they found further support for the turbulence not being isotropic but rather primarily one and two-dimensional between the sampling frequency of 32 Hz and the 10-min window employed. The ratio of the Reynolds stress À σ uw to the turbulent kinetic energy is also of interest for verifying the applicability of turbulent kinetic energybased closure for one-equation turbulence models [19] . These models relate the turbulent kinetic energy to the Reynolds stress, as opposed to the mean shear velocity which invokes a mixing length model. The near constant value of these ratios throughout the tidal cycle observed by Milne [25] and observed in the Menai Strait, as well as the good agreement between the value assumed by Bradshaw et al. [44] suggests that such models are likely to still be attractive for the tidal energy industry. This is despite their acknowledged shortcomings in not accounting appropriately for the distribution of length scales of the turbulence [45] .
Scales of the turbulence
Quantifying the scales at which the turbulence is distributed at a tidal energy site is also crucial for inferring the unsteady loading on a turbine and verifying turbulence models. The integral length scales of turbulence, defined as the integral of the autocorrelation
, provide a quantification of the average size of the energy producing turbulence scales. Observations of integral-scales for fast flowing tidal sites in the literature are generally scarce. Milne et al. [35] reports that at the Sound of Islay the median streamwise length scales at an elevation of z=h ¼ 0:1 were approximately 10 m and 13 m during the flood and ebb respectively. McCaffrey et al. [8] have also found an average integral length-scale at an elevation of z=h ¼ 0:2 at the Puget Sound of 11.6 m. It is interesting to compare these values with predictions which could be obtained from the model L u ¼ ffiffiffiffiffi zh p proposed by Nezu and Nakagawa [46] . In the case of Puget Sound in particular, the difference is only 7%. Therefore, in-spite of its inherent assumptions associated with an idealised steady flow and a relatively smooth bed, the model could provide reasonable estimates of this important scale.
However, it is imperative to note that the energy-producing scales at the Sound of Islay and Pugent Sound both exhibited a relatively large degree of variability over the tidal cycle (up to 81 m at Puget Sound), which would not be accounted for using the previous simplistic model. The observations that the energyproducing eddies encompass a broad range of scales appears to be a characteristic of tidal channels in general; see for example Trevethan [32] and Walter et al. [33] . The largest integral scales which were observed were also associated with oscillations at length-scales several orders of magnitude greater than the channel depth. Given this finding, they are not expected to be due to the turbulence generated from the bed. As commented by Milne [25] and Thomson et al. [34] , it is postulated that the low frequency perturbations reflect the unsteady nature of the mean velocity over the tidal cycle, or large meandering structures in the flow which are perhaps shed from upstream headlands.
The co-spectra at 5 m and 30 m above the seabed observed at the Sound of Islay also provided useful insights into the variation in the scales with elevation at a tidal energy site. These showed that the peak co-spectral density did not scale exactly with elevation above the bed, as observed for atmospheric turbulence [43] . In line with the differences found in the anisotropy between a tidal channel and the atmosphere, these results are consistent with the assumption of the free-surface having constrained the size of the eddies associated with the turbulent mixing and which would not be the case in the atmospheric boundary layer.
The form of the streamwise spectra at high wavenumbers is of interest for identifying the scales at which the turbulence tends towards being isotropic. Evidence for the inception of a near k À 5=3 x behaviour at wavenumbers higher than k x z ¼ 3-4 was observed from the ADV data at the Sound of Islay. This is consistent with that observed at Puget Sound [34] (which can be estimated as k x z ¼3.9-5.9) and at the Pickering Passage [47] . Interestingly, the inception is also in general agreement with the theoretical predictions of k x z ¼4.5 [48] .
Together these observations provide support for the nondimensional wavenumber at which the inertial subrange occurs being a universal property for fast flowing natural tidal streams. At elevations of z=h¼ 0.4-0.5, this non-dimensional wavenumber corresponds to scales of the order of the rotor diameter at the Sound of Islay. Therefore, this would imply that the Kolmogorov model [16] could be employed to provide useful predictions of the turbulent fluctuations at scales relevant to a tidal turbine.
Description of the unsteady forcing applied to tidal turbines
Rotational sampling of turbulence
A description of the turbulence-induced forcing imposed on a turbine blade requires the consideration that during each revolution, the turbine blade rotates through a turbulence field that is not fully spatially coherent. This action can give rise to significant energy contributions at multiples of the rotational frequency of the rotor, and is a primary contributor to the fatigue of rotor blades [41] .
The effect of this phenomenon on the out-of-plane bending moment may be quantified by considering the rotational crossspectrum of the streamwise turbulence between two points on the blade. A theoretical expression for the cross-spectrum for a rotor blade (S o u r 1 ; r 2 ; n ð Þ )( wh er er 1 and r 2 correspond to two points inward and outward along the blade and n is the frequency) has been presented by Burton et al. [49] . This was derived from the isotropic von Kármán spectrum and its corresponding correlation functions [50] .
Milne et al. [35] found that the von Kármán spectrum provided a reasonable description of the streamwise velocity spectrum at the Sound of Islay at an elevation of z=h ¼ 0:1. On this basis, by incorporating the observed integral length-scales of 11 m at this elevation with the theoretical correlations, useful insights into the spectra that would be observed by a typical full-scale tidal turbine blade were obtained by Milne [25] (assuming a tip-speed ratio of 5 and a blade length of 10 m). For instance, and referring to Fig. 2 ,a tf r e q u e n c i e s near the rotational frequency, the cross-correlation function of the turbulence is relatively high across the outer-blade sections. For a constant tip-speed ratio, the rotational sampling effect (i.e. the dist o r t i o no ft h es p e c t r u m )a tv e r yl o wfrequencies reduces as the ratio r=L x u decreases. However, even for an integral-length scale of 42 m, which may be more realistic at the mid-depth at the Sound of Islay based on the correlations presented by Nezu and Nakagawa [46] ,t h e turbulent energy at the revolution frequency and the correlation of the turbulence across the outer blade sections remains relatively high for a typical tidal turbine rotor.
As the total variance remains constant between the Eulerian and rotational systems [51] , the turbulence intensity measured in the free-stream becomes concentrated at the rotational frequency. Therefore, the dominant frequencies of interest for quantifying the blade loads are expected to range from those corresponding to the integral scales, up to those which are equivalent to the rotor frequency (i.
An additional important consequence of the relatively high correlation across the blade length is that the forcing on a turbine blade could be replicated approximately in a laboratory by subjecting the rotor to oscillatory planar forcing. This is because the out-of-plane bending moment is dominated by the loading over a relatively small region at the outer-span of the blade. This result was used by Milne [25] as a justification for using planar oscillatory motion to experimentally measure the unsteady loading on tidal turbine blades.
Amplification of turbulent fluctuations
As a consequence of the turbulence scales in the onset flow not being significantly larger than typical rotor diameters, the strain field imparted on the mean flow by the presence of the rotor may also distort the vortices, contracting them axially and expanding them laterally. Batchelor [53] applied rapid distortion theory to show that the turbulent kinetic energy of a homogenous turbulent stream could be significantly attenuated when subjected to a constant strain in a wind tunnel contraction. A similar significant distortion of turbulence in a weakly-nonhomogenous flow at length scales smaller than the diameter of a porous plate was reported by Graham [54] . This situation may be analogous to the resistance imposed by a tidal turbine.
In a novel application of the rapid distortion theory-based solution presented by Batchelor [53] ,M i l n e [25] and McNae and Graham [55] have predicted the amplification of the velocity fluctuations due to an isolated tidal turbine extracting energy from the flow. The application of the linearised theory requires that the inertia and viscous forces can be neglected during the distortion, i.e. σ u =U⪡L u =D (where D is the rotor diameter). This appears to be a reasonable assumption for tidal energy sites where σ u =U % 0:1 and the ratio of the integral lengthscale to the rotor diameter is of the order of 1. Furthermore, the solution presented by Batchelor [53] also assumes that the turbulence is isotropic. While the largest scales at a tidal energy site are not isotropic, at an elevation of z=h % 0:5 the momentum flux co-spectra at Islay indicated that the turbulence was tending towards isotropy at scales corresponding to the rotor diameter. On this basis, the rapid distortion model is still likely to provide a useful first-approximation of the amplification.
To demonstrate the approach, and referring to the schematic in Fig. 3(a) , an estimate of the strain across the streamtube may be obtained from the expansion ratio
(where A is the area of the streamtube upstream, A d is the area of the rotor, U and U d are the streamwise mean velocities upstream and at the rotor, respectively, and a is the axial induction factor) and applying one-dimensional linear momentum theory to an actuator disk. As such, the velocities can be related through the axial induction factor; see e.g. Burton et al. [49] . For a turbine operating in optimal conditions the induction factor has a value of a ¼ 1=3, which corresponds to an expansion ratio of e ¼ 1.5. As shown in Fig. 3(b) , the amplification of the standard deviation of the streamwise velocity for an ideal turbine is approximately 15%. The corresponding spectra at the rotor were computed by McNae and Graham [55] using the von Kármán theoretical spectrum. This demonstrated that it is the energy of the largest eddies which are most affected by the presence of the rotor.
These analyses suggest the amplification effect is significant and reinforces the need to consider the effect of the turbine when inferring the unsteady loads from site data in an undisturbed flow. Based on the amplification effect, the ratio of the velocity amplitudes to the mean velocity relevant to tidal turbines due to turbulence is likely to be up tõ u=U ¼ 0:2. However, it also important to note that the variation in the mean velocity with depth also induces a once-per-revolution forcing. As such, the Current numbers applicable to a full-scale turbine could be 50% larger than those due to turbulence alone [25] .
Methodologies for quantifying the unsteady hydrodynamic loading on tidal turbines
Experimental techniques
Compared to full-scale, model-scale testing offers the advantage of a more controlled and less expensive means of investigating the hydrodynamic loads on tidal turbines that are likely to be induced by turbulent flow. A variety of techniques have been employed by investigators to acquire unsteady loading data for horizontal-axis tidal turbines at model-scale. These have helped to inform new test guidelines and procedures for tidal turbine testing [56] .M o r e o v e r , they have also highlighted additional challenges compared to steady flow -based tests.
Maganga et al. [57] and more recently Mycek et al. [58] investigated the sensitivity of the mean thrust of a 700 mm diameter (approximately 1/30th scale) tidal-turbine to a variation in the turbulence intensity in a flume, achieving intensities of between 3% and 25%. However, Maganga et al. [57] did not report the inlet scales which makes relating their results to full-scale inherently challenging. As discussed in International Towing Tank Committee (ITTC) guidelines [56] , the use of advanced velocimetry techniques can enable the essential onset turbulent scales in flumes to be characterised. To this end, the spectra presented in the subsequent study at the same facility by Mycek et al. [58] indicated that the turbulent energy was primarily concentrated at frequencies less than 0.5 Hz. This corresponds to length-scales of 1.5 m or at least twice the diameter of the rotor that was used in the experiment. Based on the integral scales reported for tidal energy sites, these turbulence-to-rotor length-scale ratios could therefore be considered to be reasonably consistent with that of typical full-scale tidal turbine.
However, given the inherent challenges involved in subjecting a model rotor to realistic onset turbulence, several researchers have instead used surface waves in an attempt to investigate the hydrodynamic behaviour in an unsteady conditions. Galloway et al. [59] (see also [60] ) reported on experiments of a 800 m diameter model tidal turbine perturbed by regular waves with an intrinsic frequency of 0.75 Hz and height of 0.8 m (approximately 1.6 m height full-scale) while towed with a carriage speed of 0.9 ms À 1 . They observed that this forcing induced a cyclic shaft thrust that had a range of 37% of the mean. While their results provided a quantification of the unsteady thrust perturbation, inferring the loading on the individual blades is difficult. This is because the non-coherent loading imparted by the surface waves was effectively averaged out across all three blades.
Barltrop et al. [61] reported on experiments conducted with a 350 mm diameter tidal turbine in a towing tank subjected to surface waves, but importantly, provided measurements of the blade-root bending moments. Time histories were presented for intrinsic wave frequencies between 0.5 Hz and 1.0 Hz, at a wave height of 150 mm and a carriage speed of 1.0 ms
. At a rotational speed of 200 rpm, this forcing corresponds to reduced frequencies of between k ¼ πfc=Ωr ¼ 0:020 and 0.048 at the spanwise location of 0.75R. For the highest frequency case, the dynamic load amplitudes were found to be 50% and 100% of the mean in the outof-plane and in-plane directions, respectively. For the low frequency surface waves, the bending moment response was found to compare reasonably well with a prediction using a quasi-steady numerical blade-element-momentum model with no acceleration effects included. However, for the higher frequency cases the amplitudes were of the order of twice that of the model predictions. This implies that the unsteady hydrodynamic contribution from waves for the low frequency cases was relatively small, but became more significant as the frequency was increased.
In order to achieve a controllable unsteady flow which is uniform over the rotor plane and can approximate a turbulent eddy forcing, it therefore appears to be most beneficial to oscillate the turbine axially in the flow. As the desired forcing kinematics are known exactly, the phases can be identified with greater confidence than by using surface waves or with a turbulent flow. As is highlighted by the ITTC guidelines [56] , the ability to generate a harmonic forcing can also facilitate frequency-domain based studies. While there is no Froude-Krylov force (which is induced by Fig. 3 . A schematic of the streamtube whereby a strain is induced on the homogenous turbulence due to a reduction in the axial velocity, resulting in an axial contraction and lateral expansions of the vortices (a). Amplification of the standard deviation of streamwise velocity for a sudden expansion as a function of the expansion ratio, e ¼ A d =A as predicted using Rapid Distortion theory and reproduced from Milne [25] (b). A typical turbine is expected to correspond to an expansion ratio of e¼ 1.5. the pressure field from the surface wave), for a foil section with relatively low volume the effect is expected to be small. Such an approach was used in the investigations reported by Whelan et al. [62] and Whelan [11] for which the thrust of a 300 mm diameter twin-bladed rotor perturbed axially using a towing carriage in a flume was measured. In an extension of Whelan's work, the investigations by McNae [15] utilised the same facility and set-up, but acquired measurements of the out-of-plane bending moment for oscillatory forcing.
U, A U d , A d
However, if oscillatory motion is combined with a mean velocity generated by the current in a flume, boundary layer effects and background turbulence can lead to non-uniformities in the flow unless the flume is extremely large and well-designed. Therefore, an attractive approach recommended in the ITTC guidelines [56] for generating an unsteady flow with the appropriate level of complexity to study unsteady rotor hydrodynamics is to superimpose an unsteady surging motion upon a steady forward speed in calm water in a towing tank. This methodology was employed in the test campaigns reported by Milne and coworkers [25, 63, 64] conducted at the Kelvin Hydrodynamics Laboratory towing tank. An uncertainty analysis presented by Milne et al. [63] following ITTC recommended procedures, also demonstrated that by using this approach the errors were sufficiently small to allow for the effects of hydrodynamic unsteadiness to be quantified relative to the loading for steady flow.
Implications of the low Reynolds number on foil performance and blockage
An additional important consideration for model-scale testing of tidal turbines is that the Reynolds number at the outer blade sections (which generally experience the greatest loading) is typically around only 1 Â 10 5 . This is approximately an order of magnitude smaller than is expected at full-scale [65] . Interestingly, Gauriera et al. [66] have recently conducted a bench-marking exercise comparing the performance of the same 0.7 m diameter model tidal turbine tested in different facilities. These included the Kelvin Hydrodynamics towing tank and the Ifremer flume used by Maganga et al. [57] and Mycek et al. [58] . The results of the study demonstrated that the maximum power coefficient increased by approximately 20% when the Reynolds number at 0:7R was increased from 9 Â 10 4 to 1.9 Â 10 5 and other parameters remained constant. As Lissaman [67] , Shyy et al. [68] and Genc et al. [69] have discussed, at these relatively low Reynolds numbers the laminar boundary layer on a foil is susceptible to premature separation. This can give rise to separation bubbles which can significantly degrade the hydrodynamic performance relative to that expected at full-scale.
Numerical approaches to compute the hydrodynamic performance of foils with significant separation have proved difficult. Experimental data at low Reynolds numbers for relatively thick foils, such as those expected to be used for tidal turbines are also generally scarce. Wind tunnel data by Selig et al. [70] showed that while the two-dimensional lift slope remained linear with angle of attack at moderate angles of attack, the magnitude of the lift on the 21% thick NREL S823 foil could be reduced by approximately 10% and drag increased by 400%. Interestingly, at relatively low angles of attack the lift coefficient remained comparatively large and the drag increased significantly.
In order to provide more experimental data on thick foils at low Reynolds numbers, Milne [25] presented force and pressure measurements for the 24% thick S814 foil section from tests in a closed-section wind tunnel. This is the same foil profile that was employed in their turbine experiments in the towing tank, as well as by Barltrop et al. [61] . This wind tunnel investigation found quantitatively similar degradations in the lift and drag as reported by Selig et al. [70] . The pressure distributions across the chord indicated the existence of laminar separation bubbles, which extended over 50% of the chord at Reynolds numbers of 1 Â 10 5 and affected the global pressure distribution. Interestingly, flow separation on the pressure surface of the foil at angles of attack of less than 4°was also observed. This separation is believed to explain the relatively high lift and drag exhibited by the foil as well as the S823 foil at similar low angles of attack. Therefore, separation on the pressure surface is likely to be a characteristic of thick foils at low Reynolds numbers.
While these low Reynolds number effects are important for steady flow tests of tidal turbines, they have important additional implications for the investigations of the unsteady hydrodynamics loads. In terms of the strategy employed to control the rotor speed, the sensitivity of the lift and drag to the Reynolds number implies that using constant speed (as employed in the studies reported by Milne and co-workers), where the Reynolds number is approximately constant, is more desirable as opposed to constant torque (as used by Whelan [11] , for example). Moreover, the ITTC [56] also cites the additional advantages of employing constant speed as enabling the effects related to angular accelerations for the rotor to be removed and that the rotor to be brought up to full-speed prior to commencing each test. This allows for more measurement time when testing in a towing tank with finite run length.
These effects of the Reynolds number also emphasise the importance of establishing the steady loads using the equivalent set-up, turbine and flow speeds as used in an unsteady test, such that the unsteady hydrodynamic contribution can be isolated. In line with this, the Reynolds number sensitivity also introduces an additional uncertainty when attempting to use numerical models, such as the blade-element-momentum based method, which are inherently reliant on accurate foil data. While these models may be useful for estimating important parameters such as the angles of attack and induced flow, the uncertainties are likely to be too large for accurate quantification of the unsteady loads.
In addition to the effect of the Reynolds number, it is also poignant to consider the influence of blockage in model scale testing in controlled facilities. For the previous experimental tests cited in Section 5.1 the blockage typically varied between around 5% and 10%, based on the ratio of the cross-sectional area of the turbine to that of the unrestricted flow. While these blockage levels have previously been considered to be relatively low, based on the findings of the round robin study reported by Gauriera et al. [66] , these levels are still likely to be sufficient to influence the loading on a turbine. In general, the literature on blockage for tidal turbines are scarce and the validity of existing corrections are questionable. Therefore, there remains a need for a greater understanding of the blockage phenomena, particularly if unsteady flow is to be considered and appropriate corrections are to be developed.
Insights into the unsteady hydrodynamic loading on tidal turbines
Quantification of the effect of flow unsteadiness
The flume tank experiments reported by Mycek et al. [58] demonstrated a distinct sensitivity of the thrust coefficient of a single horizontal-axis tidal turbine to the turbulence intensity in the flow. In particular, within the typical operational range of the turbine (tip-speed ratios between 3 and 7) the thrust coefficients of approximately C T ¼0.80 decreased by around 10% when the turbulence intensity was varied from I u ¼0.03 to 0.15. Furthermore, the standard deviations of the thrust coefficients were approximately 3 times larger at the higher turbulence intensity, increasing in value from σ CT ¼0.05 to 0.15. Interestingly, an energy spike in the C T spectrum which corresponded to the blade passing frequency (of 4:13 Hz) was pronounced at the low intensity condition but not at the higher intensity. This finding is consistent with the eddy slicing effect being relatively small at the higher intensities in the experiment. However, this result may be strongly related to the scales of turbulence across the rotor generated in the flume and may not be transferable all turbines.
The experimental study by Whelan [11] was the first to show that for a turbine whose velocity was perturbed about a relatively high tip-speed ratio at low frequencies of k¼ 0.02, the combined hydrodynamic added inertia for tidal turbines was generally positive. This agrees qualitatively with the effects attributed to dynamic inflow and true added mass for a rotor oscillating in heave [10] . Whelan [11] also found that the loading in-phase with velocity and which included both steady and unsteady hydrodynamic contributions was significantly greater than that which appeared in-phase with acceleration. Whelan quantified the inertial contribution through a coefficient defined by
where F x fg _ u is the component of the axial thrust that appeared in-phase with acceleration and V is the volume enclosed by the rotor, and found that C I was typically less than 0.05.
The investigations by Milne and co-workers [25, 63, 64 ] achieved significantly higher reduced frequencies than those of Whelan [11] ,o fu pt ok ¼0.07. For relatively high tip-speed ratios for which the boundary layer was believed to be predominately attached across the outer sections of the blades, a sensitivity to the frequency of the forcing was identifiable. This is demonstrated in Fig. 4 which shows the phase-averaged hysteresis loops of the normalised out-of-plane blade root bending moment response to frequencies between f ¼ 0:40 and 0.80 Hz. The clockwise direction of the response is indicative of the phase of the bending moment leading the velocity and the equivalent steady flow loading is also shown for comparison. The study provided the first quantification of the unsteady hydrodynamic loading relative to the steady loads. The amplitudes and the phases estimated by fitting a harmonic model to the approximately linear responses are presented in Fig. 5 . The amplitudes, which are normalised by fitting a linear curve to the loading measured for steady flow are shown to increase from approximately 1.05 to 1.15 when the reduced frequency is increased from k ¼0.02 to 0.05. The corresponding phase-lead is relatively small and decreases with an increase in the frequency ratio from approximately Φ ¼ 4:51 to 1.5°.
As previously stated, the unsteady hydrodynamic loading comprises circulatory and non-circulatory forcing contributions. The non-circulatory forcing is due to the added mass and is present when a body accelerates in a fluid. Provided that the boundary layer remains attached, the unsteady circulatory effects include dynamic inflow. Dynamic inflow is associated with the backflow that is induced by changes in the vorticity in the wake of the turbine. It takes a finite time for the vorticity to build up following a change in the loading at the rotor plane, leading to an overshoot in the loading [15] . Given that these unsteady phenomenon are both dependent on the acceleration, they are challenging to separate experimentally [11] . However, the investigations reported by Milne [25] and also Milne et al. [64] provided interesting new insights into the role of the underlying hydrodynamic phenomena and their respective contributions. By estimating the non-circulatory added-mass contribution theoretically, Milne et al. presented the ratio of the bending moment in-phase with acceleration to the bending moment due to the noncirculatory forcing. These ratios were approximately equal to 2.7 at the lowest frequency and decreased with frequency ratio (m ¼ 2πf =Ω) to a value of 0.5 for m¼ 0.5. A decrease in the circulatory forcing is consistent, qualitatively, with the induced velocity in the far wake being less able to respond to changes at the rotor plane at high frequencies (i.e. it tends towards the frozen wake state).
Finally, it is useful to consider the recent findings of McNae [15] who conducted a series of flume-based experiments which were a follow up to those by Whelan [11] . McNae presented bladeroot bending moment responses to oscillatory perturbations of the towing carriage where the rotor speed was not held constant. These showed that there was a small phase lag in bending moment response with respect to the oscillatory velocity at a frequency of 1 Hz (equivalent to a reduced frequency of k ¼0.025). The magnitude of the phase lag decreased for lower oscillatory frequencies and was approximately zero for the 0.2 Hz (k ¼0.005) case. The observation of a phase lag is in itself interesting, given that it is not commonly associated with dynamic inflow. However, the phase response was regarded to have been significantly influenced by the variable speed of the rotor and which lagged the oscillatory velocity during the experiment.
To better elucidate the role of the rotor speed, McNae [15] used a vortex lattice method to simulate the loading for an equivalent rotor geometry and velocity perturbations but with a constant rotational speed. These numerical results showed that the bending moment exhibited a relatively small phase lead over the velocity. Therefore, these responses are qualitatively consistent with the findings reported by Milne [25] . Furthermore, McNae [15] also used these simulations to show that the ratio between the velocity perturbation and the rotational frequency has an critical role on both the induced velocity and therefore the dynamic inflow effect. A higher frequency ratio can allow for greater roll up and therefore influence of the tip-vortices. These results again support the experimental findings of a sensitivity to the frequency ratio previously reported by Milne [25] .
While these studies have shown that magnitude of the inertia component is relatively small compared to the total load, it should be recalled that the fluid and structural inertia are expected to be of the same order of magnitude [11] . This could be expected to have important implications on the design of the foundations of a turbine [15] . Furthermore, the added inertia is likely to be an important consideration in any control system for the rotor speed, particularly since the inertia contribution may vary significantly during operation.
Applications of oscillatory forcing responses
In Section 5.1 it alluded to that the generation of an unsteady forcing perturbation using a towing carriage could facilitate stochastic based analyses. Milne [25] (see also Milne et al. [64] ) demonstrated this approach using a forcing which comprised a combination of the three oscillatory frequencies 0.40 Hz, 0.50 Hz and 0.67 Hz, each with a Current number of μ ¼ 0:075. An example of the time history for the blade root out-of-plane bending moment response is shown in Fig. 6(a) . A small overshoot over the reconstruction based on the steady loading which is superimposed in grey is distinguishable.
The hysteresis loops for four relatively large fatigue inducing (see [41] ) loading cycles corresponding to the responses between the symbols (○) and () on the time histories are shown in Fig. 6 (b). Milne [25] reconstructed the bending moment response using a linear superposition of the bending moment responses measured for the equivalent forcing and operating conditions for each of the individual single frequency oscillations. These reconstructions are shown in grey and comparisons between the true responses and the linear superposition-based responses reveal that by using this approach both the amplitude and phase of the multi-frequency responses are able to be replicated.
The ability to utilise the single frequency response in a transfer function-based approach to predict the amplitudes of the multifrequency forcing is an attractive new finding. It implies that it could offer blade designers a relatively simple technique to obtain the fatigue loading from a turbulence spectrum. Furthermore, as Milne [25] also explored, the ability to recover the single frequency amplitudes (that are required to develop the amplitude part of the transfer function) from a multi-frequency forcing response by fitting a harmonic model is very useful. As experimental programmes are expensive and time-consuming, by using a multi-frequency forcing the testing could be completed in a relatively short time-frame, or conversely, a higher number of testcases could be completed.
However, Milne [25] also demonstrated an important limitation of a linear superposition-based reconstruction for tidal turbines for combinations of relatively high frequencies. Consider the responses presented in Fig. 7 which correspond to a forcing that comprised the two oscillatory frequencies of f ¼0.67 and 0.80 Hz. Although the amplitude can be reconstructed using the single frequency responses, the phase (identifiable by the difference between the loading in the up-stroke and down-strokes parts of [25] . In (a) the grey line is a reconstruction based on the steady flow load. In (b) the grey line is a reconstruction based on the linear superposition of the corresponding single frequency amplitudes and phases. the response) is larger than is able to be predicted using the single frequency responses. It is important to appreciate that the phase is driven by a physical phenomenon and cannot be averaged out. Therefore, this must be considered when utilising a stochastic approach to quantify the inertia loading on a turbine.
Hydrodynamic loading for separated boundary layer conditions
As stated previously, additional unsteady effects due to flow separation and dynamic stall on a rotor are present at relatively low tip-speed ratios (corresponding to high angles of attack). However, experimental studies which have specifically investigated the loading of tidal turbine blades (and also wind turbine blades) subjected to unsteady axial forcing under these operating conditions have been scarce.
Acknowledging the lack of data, Milne et al. [63] and also Milne [25] While the cases for the higher mean tip-speed ratio of λ¼ 4.1 exhibit similar trends to the responses for oscillations about λ¼ 4.5 in Fig. 4 (particularly for low frequencies) the responses for λ ¼ 3:6 with their much larger loops exhibit characteristics which are synonymous with the dynamic stall of oscillating foils; see Leishman [10] . For instance with an increase in the frequency the bending moment increasingly exceeds the maximum bending moment that is observed for the steady flow conditions, which is indicated by the region between the points 1 and 2 in Fig. 8 . This is consistent with a delay in the onset and the progression of the trailing-edge separation on the boundary layer of the foils. At high instantaneous velocity, a vortex is likely to have reached the trailing edge and separated from the foil, resulting in lift stall which is indicated by point 3. Full separation of the boundary layer is attributed to the sudden and severe decrease in the bending moment and the subsequent pronounced non-linear hysteresis occurring between points 3 and 4. The boundary layer is able to reestablish on the surface of foil (point 5) as the angle of attack is reduced (i.e. as 1=λ has decreased). An increase in frequency can also be observed to have delayed the onset of flow reattachment to lower values of 1=λ.
These observations are of particular concern for tidal turbines which are stall regulated. They demonstrate that the magnitudes of the unsteady loads associated with separated flow are significantly larger (up to 10% from the data of Milne et al. [35] )t h a nf o ra n attached boundary layer. Furthermore, the highest frequency cases show that the reattachment occurs near the minimum oscillatory velocity. Therefore, the unsteady flow constituents can have a dominant role in the response over the entire load cycle. 
Future directions
With the tidal energy industry continuing to develop, more measurements of turbulence in tidal flows with speeds of the order of U ¼ 2ms À 1 will become available. Such data will assist in establishing the variability in the turbulence among sites with more certainty. Of particular interest would be the acquisition of data which could reveal the spatial coherence of the streamwise velocity. This data cannot be obtained from a single 4-beam ADCP and likely necessitates an array of ADVs to be deployed. Sellar et al. [71] also demonstrated the possibility of using converging acoustic beams which could resolve the three-dimensional velocity vector at a focal point. It may be plausible to use a similar set up with a series of converging beams to resolve the velocity at multiple points across the rotor plane.
As the amplification of the turbulence due to the turbine is believed to be significant, measurements of turbulence in the presence of a full-scale turbine would be desirable. The experimental set up shown by Sellar et al. [71] included an acoustic beam which projected in a horizontal direction from the hub of the turbine. Although the velocities from this sensor were not presented, it is envisaged that a similar set up could potentially provide a means to measure the turbulent velocity at the rotor plane and at set intervals upstream. As such, the methodology could enable the theoretically-based estimates of the effect of amplification presented in Section 4.2 to be validated.
The recent model-scale experimental studies discussed in this review can now provide the tidal turbine industry with a valuable set of blade responses by which the validation of numerical models may be attempted. Milne [25] attempted to verify the dynamic inflow model of Peters (see Peters [72] ) and a modified version of the returning wake model of Loewy [73] with the single frequency responses for high tip-speed ratios measured in their towing tank tests. While qualitative agreement was found at low frequencies, these also highlighted several shortcomings of the models which were originally devised for helicopter rotors in hover. In particular, these models do not account for the loss of circulation from the tips of the blade. It was shown by Goldstein [74] that for a rotor with a low number of blades and a low tipspeed ratio, such as a tidal turbine, the tip loss can affect over 40% of the blade. Therefore, vortex-wake models which better capture the circulation around the blade, such as that which was recently developed by McNae [15] for dynamic inflow studies, are likely to draw increasing attention.
For stall regulated turbines in particular, the unsteady, separation-induced loads will not be able to be predicted using the relatively simple transfer function or dynamic-inflow models given that they are non-linear. To account for delayed separation and dynamic stall, the semi-empirical model proposed by Leishman and Beddoes [75] has been adapted for rotors and incorporated into simulation codes for tidal turbines [76] . Initial attempts to verify the delayed stall component of this model by Milne [25] using the scale-model data, demonstrated qualitative agreement, but generally predicted flow re-attachment to occur too early. The model could only be assessed using the out-of-plane bending moment and substantial validation of the model still remains necessary to confidently assess its performance for tidal turbines. However, it is important to consider the limitations of the model. For instance, it was derived for thin foils oscillating in twodimensional simple harmonic motion and is semi-empirical, requiring several foil-specific constants and high quality airfoil data. Given its shortcomings, more complex models are likely to be required for detailed design purposes.
While the primary objective of this review was to consider the turbulence-induced unsteady loads, it is important to consider that unsteady loading may be induced on a rotor that is misaligned to the flow, from surface waves and possibly from long period mooring oscillations in the case of floating installations. Furthermore, unsteady loads can arise from rapid changes in the pitch angle of the blades and which may affect the control strategies employed to regulate power. In particular, through full-scale wind turbine tests, it was found the unsteady loading of the blades associated with a rapid change in the pitch angle of a wind turbine to be more significant than that from a change in axial velocity [77] . The numerical studies presented by McNae [15] also came to similar conclusions for a tidal turbine. However, there appears to be scarce experimental studies which have verified this for tidal turbines. While a pitch actuator system may be technically challenging to achieve at model-scale, the experimental methodology used in the investigations by Whelan [11] , McNae [15] and Milne [25] could be extended to investigate a non-zero yaw angle by tilting the rotor vertically, provided that the free-surface effects are kept small.
Conclusions
This paper has collated new experimental data and analyses that can assist designers of tidal turbines in quantifying the hydrodynamic blade loads due to onset turbulence.
Acoustic Doppler-based sensors have enabled the magnitudes and scales of turbulence of interest to be quantified in fast-flowing tidal streams. New evidence has been found to show that the nearbed turbulence structure at a tidal energy site is consistent with that expected for an open-channel flow. This has brought into question the use of atmospheric-based models for tidal turbine load predictions. Recent studies have also provided support for the hypothesis that the dominant eddies scale with elevation near the bed and begin to tend to isotropy at a near universal value of k x z¼ 3-5. At typical hub heights, the turbulence intensity appears to be relatively consistent between sites at around 0.06-0.08. Relatively simple models also appear to be useful for predicting the magnitudes of the velocity fluctuations and the Reynolds stress.
These new observations of turbulence, together with theoretical analyses have demonstrated that owing to rotational sampling of turbulence, the reduced frequencies due to turbulence are between k ¼0.03 and 0.10. The Current numbers could be as high as μ ¼ 0:25 due to the amplification of the turbulence by the presence of a turbine.
A variety of techniques developed by investigators have assisted in informing new best practices for testing tidal turbines in unsteady flow at model scale. The use of planar oscillatory forcing experiments in a still water towing tank have enabled the relative contribution of hydrodynamic unsteadiness on the blade-root bending moment to be quantified. For single frequency oscillations the unsteady blade loads have been shown to increase with frequency and exceed the steady loads by up to 15% as well as exhibit phase leads over velocity. This is consistent with the expected affects of dynamic inflow and non-circulatory forcing. Interestingly, the amplitudes of a multi-frequency forcing have been demonstrated to be able to be modelled using a linear superposition of the single frequency forcing response. Therefore, this potentially provides the blade designer with a relatively simple means of obtaining the fatigue loads by superposition.
Phenomena consistent with delayed separation and dynamic stall of oscillating foils have been observed in the blade load responses at low tip-speed ratios. These effects can result in a bending moment that exceeds the steady load by up to 25% and exhibits a large degree of hysteresis. Therefore, the unsteady hydrodynamic contribution from these effects can be more significant than from the attached flow circulatory effects (dynamic inflow) or the non-circulatory forcing.
